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Viral RNA in the bloodstream suggests viremia occurs in
clinically ill rabies-infected mice
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Abstract
Data regarding the occurrence of a viremia during rabies virus infections are contradictory. Here, we attempted to clarify the dissimilar results
using a qualitative TaqMan PCR assay to detect viral RNA in blood of mice that had been injected intramuscularly with rabies virus. Viral RNA
was detected at two different intervals. Initially, RNA was present in blood of 30/32 (94%) mice, from 1 h to 2 days after injection of virus. The
RNA in the blood at this time most likely resulted from trauma to blood vessels at the injection site and leakage of the inoculated virus into the
circulation. Thereafter, from 3 to 30 days, viral RNA was undetectable in the blood of 37 mice that remained free of clinical disease. However,
and more importantly, viral RNA was detected again in 21/25 (84%) mice that became clinically ill and were exsanguinated 2–4 days after the
onset of paralysis. The presence of viral RNA in blood of the clinically ill mice might have been due to an escape of virus into the bloodstream as
a result of viral replication induced injury in the central nervous system and other tissues. Anti-rabies virus neutralizing antibody was detected in
sera of 11/21 (52%) clinically ill mice whose blood was positive for rabies viral RNA. The presence of viral RNA in the bloodstream of mice that
developed clinical rabies suggested that a viremia might occur in rabies-infected mice. Thus, the current opinion that a viremia does not occur in
experimental or natural rabies infections of other species might need to be re-evaluated.
Published by Elsevier B.V.
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1. Introduction
It is well known that rabies virus is transmitted from the site
of exposure to the central nervous system (CNS) via peripheral
nerves (Dean et al., 1963; Murphy and Bauer, 1974; Murphy,
1977). It is less clear whether infectious virus is ever present
in blood during infection. Nonetheless, several studies support
the occurrence of a viremia. An early observation by Hertwich
showed that dogs with fresh wounds develop rabies after blood
from rabid animals is placed into the wounds (Burne, 1970).
In addition, rabies virus is occasionally detected in blood of
mice injected with tissues from dead rabid foxes (Atanasiu
et al., 1970). A viremia has also been reported in rabies-infected
rabbits (Baratawidjaja et al., 1965). The viremia was confirmed
by detecting immunnofluorescent rabies viral antigens in brains
of mice that developed rabies after intracranial (IC) inoculation
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of the rabbit leucocytes. In contrast, it has been shown that mice
do not develop rabies after an IC injection of undiluted blood
from mice that are exhibiting symptoms of rabies (Borodina,
1958; Schindler, 1961) or after injection with the buffy coat of
rats that had been infected with rabies virus 3–120 h previously
(Baer et al., 1965).
The possibility that virus may be “masked” in the blood, and
thus, undetectable in assays for infectious virus, was initially
addressed by Gribencha and Barinsky (1982). They determined
that a viremia occurs in 100% of mice receiving the immunosuppressant cyclophosphamide prior to an intramuscular (IM)
injection of rabies virus. In contrast, a viremia does not occur
in mice that are not treated with cyclophosphamide. It was presumed that neutralizing antibody present in mice that were not
immunosuppressed prevents the detection of infectious virus
(Gribencha and Barinsky, 1982). Support for this possibility
has been shown in cortisone-injected animals. Seven days after
injection of virus, an interval in which CNS signs of infection are
evident, virus is present in the blood of cortisone treated hamsters. In contrast, a viremia is not detectable in hamsters that
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are not treated with cortisone (Sims et al., 1963). Notably, it is
known that cortisone injections interfere with neutralizing antibody production in rabbits (Burns et al., 1960) and rats (Shukeir
and Nosik, 1965) that are being immunized with rabies vaccines.
Investigations with parabiotic rats having a common blood
circulation, but not a neural connection, have also resulted in
disparate results concerning the occurrence of a viremia during rabies virus infections. In an argument against viremia,
Schweinburg (1930) and Schindler (1966) reported that only
the parabiotic partner injected with virus develops rabies. In
contrast, Becker and Zunker (1980) showed that a street rabies
virus, but not a “fixed” rabies virus, “traveled” via the blood
stream from the infected to the non-infected parabiotic partner
in 24/26 (92%) pairs of rats. Disparate viremic results have also
been reported in three studies in which the spread of rabies virus
was investigated after injection of virus into rear footpads of animals in which portions of the sciatic and saphenous nerve were
removed. Initially, it was determined that rabies virus is usually
transmitted via peripheral nerves from the site of exposure to the
CNS (Dean et al., 1963). However, it was suggested that bloodborne transmission is possible, but it is the exception rather than
the rule. In a second study, sciatic and saphenous neurectomy
before an intraplantar injection of rabies virus proved 100%
effective in preventing rabies in rats (Baer et al., 1965). In contrast, virus was shown to by-pass severed sciatic and saphenous
nerves reaching the brain through the blood in approximately
20% of rats that had been injected in the footpad with virus
(Kitselman et al., 1967).
Thus, it remains unclear whether a viremia occurs during
rabies virus infections. This investigation did not ask whether
rabies virus might invade the CNS from the blood. Instead, we
wanted to know whether viral RNA is ever present in blood during a rabies infection. The presence of viral RNA would suggest
that a viremia (infectious virus) might occur in rabies-infected
mice. If so, the current opinion that virus is most likely not
present in the blood of rabies-affected animals might need to
be revisited. The ultra-sensitive and specific real-time TaqMan
PCR assay was used to detect viral RNA. The assay has been
used previously to detect rabies viruses, as well as other nonsegmented negative strand RNA viruses (Hughes et al., 2004). In
addition to its sensitivity and specificity, the TaqMan assay is not
influenced by anti-viral factors in blood, such as complement,
neutralizing antibody or other non-antibody factors (Burrer
et al., 2001) that could mask the presence of infectious virus.
2. Materials and methods
2.1. Design of TaqMan primer and probes
TaqMan real-time rtPCR primers and probe were designed
using Primer Express 2.0 software (Applied Biosystems, Foster
City, CA) based on the sequence of the nucleoprotein gene of a
rabies virus isolated from a bat (Lodmell, 1983). The probe was
labeled with a reporter dye (FAM) on the 5 end and a quencher
dye (TAMRA) on the 3 end. Primer and probe sequences
are listed in the 5 –3 orientation and are as follows: forward
primer, TGTGGCCTTGGCAGATGAC; reverse primer, CCTC-
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CGGACTCCTGGTTTC; probe, CAGTCAATTCTGATGACGAGGACTACTTCTCTGG.
2.2. TaqMan PCR
TaqMan reactions were set-up in 96-well plates containing
30 l/well of Master Mix (Applied Biosystems, Branchburg,
NJ); 5 l of RNA (0.1 g/l) was added to each well. After mixing and centrifugation, triplicate samples of each mixture were
added to a 384-well plate. The plates were covered with optical
adhesive and transferred to an ABI Prism 7900 Sequence Detection System (Applied Biosystems). Each sample was reverse
transcribed and PCR amplified using TaqMan one-step rtPCR
Master Mix in a total reaction volume of 10 l (0.167 g RNA).
Reactions were performed using 500 nM of each primer and
250 nM of the TaqMan probe. Triplicate samples of cellular RNA
from the brain of a rabies-infected mouse (positive control),
cellular RNA from the brain of an uninfected mouse (negative
control) and ultra pure nuclease-free water were included with
each assay. A threshold cycle of <40 was considered positive for
the presence of rabies viral RNA.
2.3. Use of the TaqMan PCR assay to detect rabies viral
RNA within total cellular RNA from rabies virus-infected
cell cultures and brain tissue
Total cellular RNA was isolated from a 10% brain suspension
prepared from paralyzed mice injected in the cranium with rabies
virus or mouse neuroblastoma (MNB) cells infected 48 h previously with rabies virus at a multiplicity-of-infection-of-one.
Samples of each preparation were adjusted to contain 1000 ng/l
of cellular RNA and serial 10-fold dilutions through 10−7 of the
1000 ng/l preparation were assayed for rabies viral RNA.
2.4. Detection of rabies viral RNA and infectious rabies
virus in the identical tissue preparation: comparative
sensitivity analysis
Serial 10-fold dilutions (from 2 × 106 to 2 × 10−1 mouse
intracranial lethal dose50 (ICLD50 )) were made from a 10%
brain suspension prepared from paralyzed rabies virus-infected
mice. Six isoflurane anesthetized weanling mice were injected
IC with 0.03 ml of each brain dilution. The mice were observed
for the development of clinical rabies for 30 days after injection
of virus. MNB cell monolayers were overlaid with 0.2 ml of each
brain dilution and incubated for 24 h. Thereafter, the monolayers
were stained and observed for rabies specific fluorescent foci.
Cellular RNA was isolated from the identical brain dilutions and
triplicate 0.03 ml (equivalent to the volume injected IC) samples
were evaluated by TaqMan PCR for rabies viral RNA.
2.5. Virus injection, exsanguination and isolation of RNA
from blood
Mice were injected (0.075 ml) in the right anterior tibialis
muscle with a 10% brain suspension prepared from rabies virusinfected paralyzed mice (1 × 102 mouse intramuscular lethal

116

D.L. Lodmell et al. / Virus Research 116 (2006) 114–118

dose50 infectious units of virus). Preliminary experiments determined that 70% of mice developed clinical rabies 10–16 days
after an i.m. injection with this concentration of virus. Animals
were isoflurane anesthetized and exsanguinated (an average of
0.7–1.0 ml/mouse) from severed axillary arteries or directly
from the heart using a needle (25 gauge, 1/2 ) and 1.0 ml
syringe. Clinically ill mice were exsanguinated 2–4 days after
onset of clinical signs of infection; 50 l of the harvested blood
was removed for detection of serum neutralizing antibody. The
remaining blood, including the clot, was then added directly
to 4 ml of TRIzol reagent (Life Technologies Inc., Gaithersburg, MD). Total cellular RNA was extracted according to the
manufactures’ instructions and suspended in 200 l of ultrapure
water (Gibco, Invitrogen Corporation, Grand island, NY); 30 l
of 2 M sodium acetate was added to the RNA followed by 500 l
of 100% ethyl alcohol (−20 ◦ C). The mixtures were stored at
−70 ◦ C until prepared for analysis. Triplicate samples, each containing 0.167 g of cellular RNA, were analyzed for rabies viral
RNA.
2.6. Mice
Female Balb/cByJ mice, 16–20 weeks of age, were purchased
from the Jackson Laboratory (Bar Harbor, ME). The animal
facilities and animal care and use programs of the RML are fully
accredited by the Association for Assessment and Accreditation
of Laboratory Care International and they function in accordance
with all United states Department of Health and Human Services
and National Institutes of Health regulations and standards.
2.7. Neutralizing antibody assay
Rabies virus neutralizing antibody titers were determined as
previously described (Smith et al., 1973) as modified (Lodmell
et al., 1998). Reciprocal dilutions of individual sera that reduced
the number of fluorescent foci 50% were noted. Positive controls
included anti-sera with known concentrations of International
Units (IU) of rabies virus neutralizing antibody: a rabies hyperimmune mouse serum pool and the United States Standard
Human Rabies Immunoglobulin R2.
3. Results
Initial experiments were done to compare the capability of the
TaqMan PCR assay to detect rabies viral RNA in total cellular
RNA from rabies virus-infected cell cultures or brain tissue of
rabies-infected mice. The assay was highly sensitive. The endpoint for detection of viral RNA in both brain and cell culture
preparations was in the 10−4 ng concentration of cellular RNA
(Table 1).
Next, we compared the sensitivity to detect infectious virus
using IC inoculation of weanling mice or production of viral foci
in cell culture with the sensitivity of the TaqMan assay to detect
viral RNA. The sensitivities of the TaqMan assay and IC inoculation of weanling mice were identical having positive endpoints
in the preparation containing two mouse ICLD50 of virus. The
production of viral foci in tissue culture was 10-fold less sen-

Table 1
TaqMan PCR endpoint detection of rabies viral RNA within total cellular RNA
of rabies virus-infected cell cultures and brains of rabies-affected micea
Cellular RNA concentration (ng)

Source of viral RNA

102
101
100
10−1
10−2
10−3
10−4
10−5
10−6
10−7

Cell culture

Brain tissue

+b
+
+
+
+
+
+
−c
−
−

+
+
+
+
+
+
+
−
ntd
nt

a Cellular RNA was isolated from brains of paralyzed mice injected with
rabies virus or MNB cells infected 48 h previously with rabies virus. Ten-fold
dilutions of the cellular RNA containing 102 to 10−7 ng/0.03 ml were prepared
and analyzed for rabies viral RNA.
b (+) Positive for rabies viral RNA (<40 threshold cycles).
c (−) Negative for rabies viral RNA (>40 threshold cycles).
d Not tested.

sitive (Table 2). Importantly, the last dilution tested (2 × 10−1
mouse ICLD50 ), which should not have contained rabies virus,
was negative for both infectious virus (6/6 survivors) and rabies
viral RNA (>40 threshold cycles) (Table 2).
The first two experiments determined that the TaqMan assay
was very sensitive in detecting viral RNA within ng concentrations of total cellular RNA. Lastly, we determined using the
TaqMan assay whether viral RNA was present in blood of rabies
virus-injected mice. Viral RNA was detected in the blood of
30/32 (94%) healthy mice in the early intervals (from 1 h to 2
days) after injection of virus (Table 3). Greater levels of viral
RNA were present on the first day (threshold cycles of <35), as
Table 2
Detection of rabies viral RNA and infectious rabies virus in the identical tissue
preparation: a quantification comparisona
Concentration of virus
injected MICLD50 b

Assays
FFUc

IV (+)d

TaqMane

2 × 106
2 × 105
2 × 104
2 × 103
2 × 102
2 × 101
2 × 100
2 × 10−1

TMTCf
TMTC
TMTC
TMTC
159
11
0
0

6/6
6/6
6/6
6/6
6/6
6/6
2/6
0/6

+
+
+
+
+
+
+
−

a Ten-fold dilutions of a 10% brain suspension from paralyzed rabies virusinfected mice were prepared. Six mice were injected IC (0.03 ml) with each
dilution. MNB cell monolayers were incubated 24 h with 0.2 ml of each dilution
and fluorescent focus-forming units were determined. Cellular RNA from the
identical dilutions was isolated and 0.03 ml (equivalent to the volume injected
IC) was evaluated for rabies viral RNA by TaqMan PCR.
b Mouse ICLD /0.03 ml.
50
c Fluorescent focus units/0.2 ml.
d Infectious virus detected (dead/total number of mice injected).
e TaqMan assay: (+) <40 threshold cycles; (−) >40 threshold cycles.
f Too many to count.
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Table 3
TaqMan PCR detection of rabies viral RNA in blood of mice injected IM with
rabies virusa
Time after injection
of virus

Rabies-affectedb

TaqMan

+/Total testedc (%)

1h
3h
6h
12 h
16 h
1 days
2 days

No
No
No
No
No
No
No

6/7
4/5
4/4
4/4
4/4
4/4
4/4

30/32 (94)

3 days
5 days
8 days
15–30 days

No
No
No
No

0/10
0/10
0/10
0/7

11 days
13 days
14 days
16 days

Yes
Yes
Yes
Yes

1/2
8/9
9/10
3/4

0/37 (0)

21/25 (84)

a

Mice were injected with rabies virus in the right tibialis muscle (0.075 ml,
102 mouse IMLD50 ). At pre-determined intervals after virus injection, clinically
healthy mice were exsanguinated directly from the heart with needle and syringe
or by severing the right axillary artery. Clinically ill mice were similarly treated
being exsanguinated at 2–4 days after onset of paralysis. Prior to clotting, 50 l
of blood was removed from each sample and the sera tested for neutralizing
antibody. All remaining blood including the clot was analyzed for rabies viral
RNA.
b Clinically ill mice.
c Number of mice positive for rabies viral RNA/total number of mice tested
(<40 threshold cycles).

compared to the second day (threshold cycles of >35). Thereafter, 3–30 days after injection of virus, viral RNA was not
detected in the blood of 37 mice that remained clinically normal. In contrast, viral RNA was detected in the blood of 21/25
(84%) mice that had developed clinical signs of rabies 11–16
days after injection of virus and were exsanguinated 2–4 days
after the onset of paralysis (Table 3). Neutralizing antibody was
detected in the serum of 11/21 (52%) clinically ill mice whose
blood also was positive for viral RNA.
4. Discussion
We have shown that the TaqMan PCR assay was highly effective in detecting rabies viral RNA in blood of mice injected
i.m. with rabies virus. Viral RNA was detected at two different intervals. The first occurred 1 h to 2 days after injection of
virus. Thereafter, RNA was not detected in blood of mice that
remained free of clinical disease. It is possible that RNA present
in the blood at the early intervals was due to the volume of
fluid (0.075 ml) that was injected into the muscle. The injection caused injury to blood vessels with subsequent leakage of
virus into the circulation (Baer et al., 1965). Thus, the early
presence of viral RNA appeared to be an artifact resulting from
physical trauma and was not associated with the natural course
of a murine rabies virus infection. In contrast and more importantly, the second interval in which viral RNA was detected in the
blood appeared to be associated with the pathogenesis of murine
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rabies virus infections. In this case, viral RNA was detected in
21/25 (84%) mice that had developed clinical signs of rabies and
were exsanguinated 2–4 days after onset of paralysis. To address
the possibility that a virus-infected severed nerve(s) might have
“contaminated” blood collected from the severed brachial arteries, blood was also taken directly from the heart. Using either
method of exsanguination, the blood of >80% of the clinically ill
mice was positive for viral RNA. The RNA present in the blood
of the clinically ill mice might have been a terminal manifestation of cell destruction in the CNS and other tissues associated
with viral replication that resulted in escape of degraded viral
particles or possibly virus, into the bloodstream. Detectable levels of neutralizing antibody were also present in the sera of
11/21 (52%) clinically ill mice whose blood was positive for
viral RNA. The presence of neutralizing antibody suggests an
explanation for the negative results of previous viremia studies
in which in vitro and in vivo assays were used to detect infectious virus. Other anti-viral factors (Burrer et al., 2001) might
also have masked the “scoring” for infectious virus.
It is generally accepted that a viremia does not occur during
rabies virus infections. This belief persists and is re-inforced by
frequent references to previous imperfect studies, which show
that a viremia does not occur during rabies virus infections. For
example, in a review article, several papers are cited in which it is
stated that a viremia does not occur during rabies virus infections
(Helmick et al., 1987). Careful examination of the cited references reveals that conclusions were drawn from experiments
in which infectious virus, if present, most likely would not have
been detected. For instance, whole blood (apparently mixed with
a non-clotting factor) was obtained from rabies-infected individuals either 8 h before death or at autopsy 24 h after death and then
inoculated IC into mice (Leach and Johnson, 1940). If virus had
been present in the blood, it might have been neutralized by antibody, inactivated by the time of the autopsy or inactivated by the
anti-coagulant. In two additional studies, blood was allowed to
clot and only the serum was inoculated IC into mice. Neither
whole blood nor blood clots were tested for infectious virus and
the sera were not tested for neutralizing antibody (Duffy et al.,
1947; Duenas et al., 1973). An additional study reporting an
absence of a viremia in rabies virus-infected animals was done
in rats (Baer et al., 1965); 4 ml of blood was drawn by cardiac
puncture 3–120 h (5 days) after virus challenge, mixed with 8 mg
of heparin and allowed to stand at 4 ◦ C for 2 h before the buffy
coat was inoculated IC into mice. It is not mentioned whether
control tests were done to determine the affect of heparin on
rabies virus infectivity or whether the buffy coat from clinically
ill animals was tested. And, incredulously, assays to detect a
viremia were not done in two studies supporting the tenet that
a viremia does not occur during rabies virus infections (Gomez
et al., 1965; Warrell et al., 1976).
A more recent study testing for rabies virus RNA in blood
determined that viremia does not occur in rabies-infected dogs
(Sitprija et al., 2003). Blood from four naturally infected dogs
was harvested at the time of death. One-tenth milliliter of blood
from each dog was examined for rabies viral RNA using the RTPCR assay and a sample of blood was assayed for infectious virus
in cell culture. Infectious virus was not isolated, but sera were not
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tested for neutralizing antibody. In addition, rabies viral RNA
was not detected. Considering that the blood volume of a dog is
6% of the total weight of a dog and assuming the dogs weighed
15 kg, the 0.1 ml of blood assayed was equivalent to 0.1% of
the total blood volume of a dog. We are uncertain whether the
RT-PCR assay using 0.1% of the total blood volume of a dog
is a fair test to detect a viremia. However, we do know that the
TaqMan assay used in this study was highly sensitive detecting
rabies viral RNA in 10−4 ng of total cellular RNA.
In conclusion, we have determined that rabies viral RNA was
present in the blood of >80% of clinically ill rabies-infected
mice. We do not know, however, whether a different rabies virus
in a different model would have resulted in similar results. We
also do not know whether the viral RNA was isolated from infectious virus. The state of the RNA not withstanding, the presence
of rabies viral RNA in the blood suggested that there might
be a risk of virus transmission after exposure to the blood of
animals presenting with clinical rabies. In contrast, the risk of
transmission would appear to be minimal if animals were not
clinically ill. Lastly, the current opinion that a viremia does not
occur during experimental or natural rabies virus infections of
other species might need to be re-evaluated.
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